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Investigations of electrical  changes  experimentally induced  in  nerve have 
led  to  the  conclusion that potassium shifts are intimately involved (12-15). 
The suggestion of potassium release during anoxic depolarization is of special 
interest in view of evidence to the contrary (3, 6). It appeared imperative, there- 
fore, to reexamine the problem by a  direct analytical method. The results  to 
be described demonstrate that such potassium loss does occur and  that  this 
process has certain additional features indicated by the electrical studies. 
Method 
All data are based on analyses with the Beckman flame speetrophotometer  t of small 
volumes of sea water brought successively  in contact with paired sets of leg nerves 
from Libinia emarginata. Two pyrex glass units similar to the one shown in Fig. 1 were 
employed. Humidified tank oxygen or purified  Linde tank nitrogen (99.9 per cent), 
bubbling continuously into the system, was controlled with stop-cock .4 and escaped 
ida F. Reservoir R was initially filled by way of B, stop-cocks C and D being turned so 
as to permit air displacement. By appropriate rotation of C and D either ca. 1 ml. of 
the solution in R, or the gas after passage through R, could be seut into the nerve 
chamber P where 3 or 4 nerves ligatured at both ends were suspended on 4 silver wires. 
The upper ends of the nerves were usually not immersed in solution, so that about 7 
cm. of tissue contributed to the potassium shifts. The lower pair of electrodes served 
for occasional test stimuli, the upper for recording the action potentials; under these 
conditions shock artifact was marked, but when this did not interfere seriously with 
observation the usual disappearance of the action potential with anoxia and the de- 
laying action of glucose (12, 14) were seen. 
Nerves, removed from the proximal segment of the claw legs as previously described 
(15), were equilibrated for an hour in running sea water, weighed, and mounted in P. 
* This investigation was supported in part by a research grant from the Division 
of Research Grants and Fellowships,  National Institutes of Health, United  States 
Public Health Service.  These results were  described  at the  August,  1949, General 
Meetings of the Marine Biological Laboratory (Biol.  Bull., 1949, 97, 247). 
t Dr. George Marmont very kindly permitted the use of an instrument from the 
Institute of Radiobiology and Biophysics,  University of Chicago. 
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The mates from the opposite sides of the animals were used separately in the 2 units; 
in one, sea water containing 50 (in one case 100) m~r glucose was present, while the 
other held only sea water or sea water with choline chloride osmotically equivalent 
to the glucose. After equilibration for another hour in these solutions, which were dis- 
carded, the nerves were subjected for 15 minutes to oxygen during which excitability 
was checked; for 15 minutes more they were exposed to about  1 ml. of oxygenated 
experimental solution which  was then removed ~ga E  with F  closed and stored in a 
small stoppered pyrex beaker for analysis. A sample was simultaneously removed from 
R  ~/a O as a check on the concentration or dilution which might have occurred because 
of the passage of  humidified gas. This 0.5  hour  long procedure was  repeated once 
5 
i 
0 
Fro. 1. Pyrex unit employed/or the study of potassium loss from nerves mounted 
in P. 
more in 02, usually twice in N2, and twice again in 02. The nerves were then removed, 
weighed again, and cut into ca. 0.5 an. segments which were placed into 3  to 5 mL 
distilled water. 
All seawater solutions to be analyzed were diluted with distilled  water to one-ninth 
or one-tenth the original strength. The same calibrated 1 ml. hypodermic syringe was 
used to deliver 0.5 to 0.6 ml. of the experimental solutions for dilution, the  syringe 
being flushed with 0.15 to 0.25 ml. of each solution prior to use. Greater dilution, which 
would have been desirable to prevent the deposition of salt which slowly occurred at 
the atomizer outlet, was not feasible because the low available gas pressure (2 to 3 an. 
of 95 per cent alcohol) limited the sensitivity. A gradual decrease in sensitivity was 
frequently the result of the salt accumulation, but introduced no difficulty since the 
same standard  (sea water)  was regularly alternated with readings, taken on 2  un- 
knowns at a time, throughout a series; occasional use of the sensitivity  control sufficed ABRAHAM  M.  SHANES  645 
to keep the readings to the same order of magnitude. Five or six measurements were 
usually taken for each solution. Since the major interest was in the increment of potas- 
sium in P  relative to R, standard deviations of the mean difference were computed. 
These were usually better than 0.1 pu/ml., so that values of at least 0.3 may be con- 
sidered significant. For example, in Table I  the control preparation of 7/22 absorbed 
TABLE I 
Increments in the Potassium Content of 1.0 MI. Sea Water Surrounding the Given  Wet Weiglg 
of Crab Nerve, wltk or without Glucose (G) or Choline Chloride  (C)  Present 
The potassium content of the nerves is given in #~/gm. final wet weight. 
Date  (1949). 
Temperature, °C  ......... 
Added  to  sea  water. 
½hourin: 
O2 
O2 
N2 
Ns 
N~ 
02 
Ol 
811 
25 
G* 
~.x/ml.  I~u,/ng, 
1.8  1.9 
1.6  1.8 
1.8  3.5 
1.5  3.7 
1.4  2.5 
0.5  0.8 
0.3  0.2! 
7/22 
25 
G* 
z~l~.  ~/ng. 
1.8  1.4 
1.7  1.9 
3.2  4.8 
2.4  4.5 
1.4  --0.4 
1.3  --0.3! 
7/19 
24 
G*  C* 
in  ~/rnl.  ~l'/ml. 
3.2  3.2 
2.6  2.0 
2.3  3.5 
2.2  3.0 
1.1  0.2 
1.1  0.C 
7/13 
2t 
~/ml.  z~/ml. 
1.3  2.8 
1.9  2.0 
3.1  6.0 
2.2  6.6 
0.6  0.(3 
0.6  0.0 
24 
~/,,g.  ~x/,,d. 
0.9  1.7 
1.1  1.6 
3.3  2.6 
4.3  3.3 
-1.3  --2.3 
-0.7  --0.8 
Final  potassium con- 
tent, t~/gm ......  !120  66  161  160  154  107  176  170  --  -- 
Initialweight,  mg...]155.5  153.2'236.6  232.0199.5  174.5273.4  266.5139.0  142.1 
Finalweight,  mg...  148.2  152.5197.6  211.61167.0  160.8230.2  248.4118.0  132.1 
*  5 per  cent of  isotonic  strength. 
10 per cent of isotonic  strength. 
0.4 #x~ potassium/ml, immediately after return to oxygen, which was 2.24 times greater 
than its S.D.~ and therefore quite significant. Variability of averages, when given, 
will be expressed as the standard deviation of the mean. 
Calibrations should be independent of viscosity and  other complicating factors. 
For this purpose it sufficed to add a  measured, small amount of potassium to the 
unknown;  from the percentage increase in emission the potassium initially present 
could be readily calculated. In this way the potassium content of sea water, which 
usually served as the standard, was found to be 10.4 -4- 0.4 px~/ml. Higher (1) and lower 
values (17) have been reported. Steinbach (personal communication) obtained about 
10 #~/ml.  by  direct analysis, and  this is in agreement  with  the data obtained by 
Fisher (Steinhach, personal communication), who also worked in Woods Hole. 646  POTASSIUM  RETENTION  IN  CRAB  NERVE 
The potassium  content of the fibers was usually determined by analysis of the dis- 
tilled water with which they had been in contact for ca.  3 hours. The supernatant was 
diluted three- to five-fold for the actual determination. The values were not increased 
consistently by lengthening  the leaching  period  to  16 hours nor by more complete 
destruction of the fibers with a micro Waring blendor  e operated at 15,000 R.P.M. or 
greater. The latter procedures  were considered less desirable  because of the greater 
increase in viscosity of the supernatant fluid which occurred. 
RESULTS 
Table I  summarizes  the data  for 4  paired and 2  single sets of nerves. All 
show a measurable loss of potassium at rest in oxygen which is not appreciably 
affected by the presence of glucose. During anoxia the loss is markedly increased 
except when glucose is present; in the latter case the increment is either smaller 
or negligible. Another consistent difference in glucose is the tendency for the 
loss to fall off during the second half hour of oxygen lack, whereas in sea water 
alone the leakage is maintained or increased. Recovery in oxygen is marked by 
a perceptible decrease in the potassium released, the transition in the absence 
of glucose being considerably greater except in the one instance in which anoxia 
lasted  1.5 hours. It is noteworthy that Cowan  (3) observed poor recovery of 
activity when anoxia was prolonged. In 3 out of 6 sea water preparations (in- 
cluding 1 not shown) subjected to I hour of oxygen lack a significant uptake of 
potassium occurred upon return to oxygen. In the others the losses were negli- 
gible during recovery; this is also considered indicative of active uptake inas- 
much as an appreciably greater potassium release would normally have occurred 
during  this period,  as  shown by the  behavior of one  nerve kept  in  oxygen 
throughout and by the glucose preparations. 
Table I  demonstrates a consistent loss in weight by nerves mounted on the 
electrodes for 4 hours. This was the case for all 12 preparations examined; the 
percentage decrease relative to the initial weight was 13.6 ~  1.2 per cent, the 
initial weight averaging 215 rag. and the final weight 185 rag. 
Table I also gives the final potassium content of the nerves after the experi- 
mental runs. In 12 preparations it averaged 134 ~  l0 #~/gm. wet weight. In 
10 freshly dissected nerves, soaked in sea water for only 5 to 10 minutes, the 
content was 204 ~  29 #~/gm.  wet weight. Thus, a  34 per cent decrease in 
potassium level occurs in 5 hours; over 4 hours the decrease would be about 27 
per cent if, as a first approximation, the leakage rate is assumed proportionately 
reduced. This is about double the weight change; since about half the nerve 
weight would be expected to constitute fiber water, these data suggest that the 
potassium leaves chiefly with intracellular anions rather than by an exchange 
process. 
Kindly provided by Mr.  David  McCulloch  of the Massachusetts  Institute  of 
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DISCUSSION 
The results confirm  the prediction based  on electrical  measurements that 
anoxia causes the escape of intracellular potassium and that return to oxygen 
leads to uptake (15). It is quite likely that if the liberated potassium had been 
permitted to remain around the fibers an even more striking reabsorption would 
have been evident in oxygen--partly because of the augmentation of the re- 
spiratory  process bygreater  potassium concentrations (15) and partly because of 
the more favorable gradient. In any event it is clear that Cowan's argument 
against potassium release in crab nerve (3) rested on a fallacious assumption; 
v/z., that potassium, once released, would not be reabsorbed.  The present evi- 
dence for an active transport mechanism (of.  references 15 and 16) emphasizes 
the need for considering more dynamic machinery to account for potassium 
retention. 
The loss of potassium in oxygenated sea water may indicate an inadequacy 
of this medium, perhaps with respect  to potassium. However the possibility 
that the escape is occurring at the immersed ends would have to be ruled out 
before special significance could be attached to this leakage. 
The action of glucose in retarding potassium loss during oxygen lack is also 
in accord with its effect in reducing anoxic depolarization (14). This, and the 
fact that in the absence of dextrose potassium loss continues unabated during 
the second half hour of anoxia although the polarization change  is maximal 
during the first half, are in agreement with the earlier proposal  (15) that the 
steady state potassium concentration at the surface  of the fibers determines 
the degree of depolarization.  The possibility of an alternative or supplementary 
explanation is by no means excluded. For example, the diffusion of the sodium 
ion inward by exchange with potassium could set up a potential difference of 
the proper sign and might thereby contribute to the depolarization (cf.  refer- 
ences 8, 9, and 16). The reduction of the sodium content of the medium by re- 
placement with the choline ion reversibly decreases the depolarization resulting 
from both anoxia and repetitive stimulation (to be described elsewhere). Fur- 
ther  experimental  study of these observations  is necessary  for an adequate 
evaluation of the role of sodium. It may be proposed tentatively that potassium 
escapes  partly by  exchange  with  sodium  during metabolic inhibition, and 
thereby further decreases the potassium gradient of the membrane and hence 
the polarization.  Such an exchange is not ruled out by the data suggesting that 
potassium escaped largely with an anion during the 4 hours the nerves were 
mounted, for the anoxic loss was only one-fourth to one-third of the total. 
The dependence of potassium retention on oxygen consumption or on glucose 
during anoxia has recently been reported for mammalian brain  (4,  10). The 
former has also been found for frog nerve (Fenn, quoted in 11). These rela- 
tionships were predicted for vertebrate nerve in earlier electrical studies (12), 
so that the essential features relating potassium, metabolism, and bioelectrical 648  POTASSIUm  RETENTION  IN  CRAB  NERVE 
phenomena appear to be identical in vertebrate and invertebrate nerve. This 
is contrary to the conclusion reached by Lorente de N6 (11), who attributes the 
difference in the rate of depolarization by KC1 in vertebrate and invertebrate 
nerves to different fundamental properties; however, the rates become com- 
parable when the perineurium of the former is split or removed (2,  5), which 
suggests  that  an  artifact  was  incorrectly interpreted.  Disregard of the peri- 
neurium  as  a  diffusion barrier also led Lorente de N6  to dismiss potassium 
transfer as a factor in the potential changes associated with anoxia and recovery 
(I1), but the correlations which have been established  appear to lie beyond 
the realm of "fortuitous coincidence." 
SUMMARY 
Spectrophotometric determinations of the potassium  content of small vol- 
umes of sea water brought into contact with crab nerves over half-hour inter- 
vals demonstrate (a) a continuous loss of potassium from the fibers while at rest 
in oxygen; (b)  an appreciable increase in the leakage during anoxia; (c)  a  re- 
absorption of potassium during postanoxic recovery; and (d) a reduction in the 
amplitude of the anoxic and postanoxic changes in the presence of glucose. 
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